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WOCE Data Assimilation and Synthesis

W. John Gould, Director, WOCE IPO

The WOCE phase of Analysis, Interpretation,
Modelling and Synthesis (AIMS) that will continue to 2002
was approved by our parent body, the Joint Scientific
Committee for the World Climate Research Programme in
Spring 1995. In WOCE AIMS the observations made
between 1990 and 1997 and our expertise in producing
global and basin-scale models will be brought together to
produce, for the first time, a quasisynoptic global view of
the ocean circulation that can be used to assess the oceans’
impacton our climate. Bringing the models and observations
together is far from a simple task. While meteorologists
have considerable experience of assimilating data into their
forecast models, the equivalent activity in the oceans is
very much in its infancy.

The new WOCE Synthesis and Modelling Working
Group chaired by Lynne Talley and Andrew Bennett met
for the first time in October and started the process of
planning how the AIMS phase will be carried out. Itis an
exciting (and daunting) challenge but considerable progress
was made (see p.3-4). There will be a second meeting in
Spring 1996 and possibly a third before WOCE will have
a detailed, well-reasoned plan for WOCE AIMS.

Appropriately this issue of the WOCE Newsletter
shows some of the results from analyses of WOCE data that
go beyond simple geostrophy and that involve the
assimilation ofn-situdata into models or the reconciliation
of different types of data.

Data issues

The AIMS phase really cannot go ahead until the
WOCE data sets are available for researchers to use. There
has been extensive discussion over the past few months on
the status of data flow in WOCE. The WOCE Data
Assembly Centres were specifically established to enable
WOCE to maintain the high quality of WOCE data sets and
to facilitate the data’s transfer to and from PIs. To a large
extent this has been successful and isimproving. Infact, for
the global One Time hydrographic survey, all data from
1992 or earlier have been submitted. There is concern that
some Pls are reluctant to submit data until they have
completed their own analysis. This problem has been
recognised by WOCE and in an effort to encourage early
submission, the following statement was adopted by the
WOCE SSG in November.

WOCE endorses its current data sharing

policy as published in “The Status, Achievements

and Prospects for WOCE (1995)" (WOCE

Report No 130/95). However the SSG is

concerned with ensuring that all the WOCE

data are submitted for preparation and documen-
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tation as quickly as possible so that information

is not lost.

Therefore the SSG accepted the current
practice of Data Assembly Centres of accepting

data that the Principal Investigators have not

yetreleased for general distribution. The DACs

and SACs should ensure that their procedures

are such thatthese data are not released without

the PIs authorisation. The SSG continues to

endorse its policy that all WOCE data should be

made publicly available within 2 years of

collection.

A further data problem is the poor submission rate for
delayed-mode XBT data. While the greater part of all XBT
observations are input directly (in “real time”) as coded
Bathy messages which enter to the Global Tele-
communications System (GTS), WOCE regards this version
ofthe data as only an interim one. Most WOCE researchers
need to have access to the full-resolution “delayed mode”
data after the ship returns to port. Recent experience
suggests that an unacceptably small amount (as low as 20%
for some years) of real-time data reappears in the delayed
mode. Those who have responsibility for XBT programmes
are asked to ensure that this situation improves.

The annual WOCE Data Handbook is about to be
published and contains full information on the status of
WOCE data sets, as do the WWW Home pages of the
WOCE DACs (see p.21).

Other matters

The field programme continues apace. Soon the
Indian Ocean cruises will have been completed. However
it has been disappointing to hear in recent weeks that
Indonesia has again refused permission for WOCE cruises
to enter their waters. It was also hoped that by now we
would have had a clear view of the work to be funded in the
N. Atlantic in 1996-97 but the US budget delays have
impacted these science decisions and it will now be February
before the picture will be complete.

Next issue

Our nextissue willbe anew departure. Colourfigures
are now so much a part of the way we present our results that
the WOCE Newsletter will have a 4 page colour section.
The main topic will be the analysis and interpretation of
XBT data. Deadline for papers on this and other topics is
mid February.

The IPO send you their best wishes for Christmas and
for 1996.
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WOCE Synthesis and Modelling Working Group

Lynne D. Talley, Co-chairman, WOCE SMWG

The WOCE Synthesis and Modelling Working Group
(SMWG) was established to provide scientific direction for
the remaining years of WOCE. It replaces the committees
that planned WOCE, and was specifically designed to bring
observers and modellerstogether. The SMWG membership
reflects the spread of scientific interests within WOCE.
The co-chairmen, Andrew Bennett and myself, had both
served on WOCE science committees devoted to modelling
and observing, respectively. Our first meeting was held in
Boston in October, 1995 and was attended by nearly the
entire committee. The following contains preliminary
conclusions from our first meeting. A complete report is
forthcoming.

WOCE's principal goal is to improve ocean model-
ling for the sake of climate prediction. A major scientific
thrust for the next few years is to assess which ocean
processes are really important for climate prediction. In
particular, which processes below the surface layer must be
observed and modelled in order to greatly increase skill? Is
there a minimum resolution in space/time for observations
and models which greatly increases predictive skill?

By the end of WOCE we should have estimated heat
and freshwater transports and divergences with reasonable
error levels. We should be able to say something useful
about the time scale and magnitude of variation. We should
quantify the principal mechanisms for transporting heat,
freshwater and mass - these results should be central to
arguments about what mechanisms should be present in a
viable ocean model. That is, what are the relative roles of
the Ekman layer, subduction, convection, mixing, and the
deep overturning circulation? We should greatly improve
estimates of diapycnal fluxes and upwelling. Process
observation and understanding should include the
intermediate and deep circulation, the Antarctic Circumpolar
Current, and the role of smaller scale phenomena in the
general circulation.

In addition to improvements for climate prediction,
the WOCE data set and modelling will result in greatly
improved regional descriptions of circulation, in all ocean
basins as well as in the specific Core 2 (Southern Ocean)
and Core 3 (North Atlantic and Brazil Basin) regions.

Synthesis of WOCE data and improved modelling
calls for equally prioritized progress in three areas: data
analysis, prognostic modelling and data assimilation. The
WOCE goals are written in terms of improvement of ocean
modelling for climate prediction. Without adequate
understanding of the ocean based ontraditional data analysis,
successfully reaching such a goal is not feasible. Adequate
resources for ocean model development are needed to carry
forward the current piecemeal progress. Ocean data
assimilation, even for the goal of estimating the state of the
ocean in adynamically-consistent manner as opposed to its
use in climate prediction, is stillin the developmental stage.
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Observations.The WOCE field observational phase
is winding down in the sense that specific experiments for
each ocean basin will be concluding within about two
years. Leftin place in each basin are programmes which are
intended to continue for a long time, for instance the XBT,
subsurface float, and surface drifter programmes. These
essential elements of an ocean monitoring programme
must be folded into CLIVAR and GOOS. WOCE data and
modelling results should be used in the next few years to
determine optimal sampling strategies for GOOS and to
recommend field programmes for CLIVAR. The SMWG
is making recommendations on data products based on
WOCE observations, and considering the extent to which
data analysis should be a collective effort, particularly in
production of WOCE “climatologies”. The SMWG will
express strong support for analysis of observations based
on traditional methods as well as development of tech-
nigues of data assimilation.

The SMWG urges continued support for the Data
Assembly Centres (DACs), whose most important func-
tions are to collate, quality-control and disseminate data.
Easy access to the public data sets is a necessary function
of the WOCE data system. Online access is recommended
where reasonable.

Modelling. Ocean modelling as used in the
meteorological agencies generally consists of very coarse
resolution models, primarily of the upper ocean. No
compelling argument has been made to the agencies that
better resolution and greater attention to the deep ocean is
needed. Such advances might not be possible in these
agencies at present given the current computing capacity,
but when computing power becomes greater, it is expected
that eventually better ocean models will be used. Meanwhile
it is incumbent on WOCE modelling to test the sensitivity
of ocean models which might be used in future climate
modelling, with respect to resolution, forcing and
parameterizations. It is WOCE'’s role to develop the best
high resolution global ocean models which will ultimately
be of use in climate modelling. It is necessary for WOCE
modelling to determine and demonstrate the minimum
requirements for ocean modelling for climate.

Major institutional supportis required for large-scale,
eddy-resolving ocean models; such support has been made
available in several European countries and Japan, yielding
notable successes in both model development and in
understanding ocean processes using the model results. In
order for effective modelling on this scale to continue,
adequate computer resources must be made available and
at the same time, resources to support development and
analysis of the model results are essential. The SMWG will
evaluate the current state of modelling resources and make
recommendations to the SSG and national committees.
The SMWG will recommend vigorous development of
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new algorithms for ocean modelling. A workshop on
WOCE modelling might be recommended.

Data assimilation.This is perhaps better referred to
as “state estimation”, because predictive functions are not
yet a reality. Data assimilation is at the stage of ocean
modelling perhaps twenty years ago, with emphasis on
development of techniques, reduction of error, and
eventually proof of concept. It has applications at this time
for ocean model testing, in which the assimilation can aid
in finding large inconsistencies in models relative to
observations, and to some more limited extentin hypothesis
testing about ocean processes. Eventually data assimilation
should provide a product which is as useful as more
traditional data analysis. The advantage of the assimilated
products should be dynamically consistent interpolation
between observations. Reduction of model error as well as
observational error is essential.

WOCE data assimilation should be supported in two
modes: academic groups developing techniques and using
limited data sets, and institutional group(s) developing
techniques for quasi-operational assimilation, including
data sets such as altimetry, XBTs, drifters and floats. The
latter type of assimilation would be facilitated by an
institution with along-term commitment to the assimilation,
and would include data management, modelling and

assimilation aspects. Because of the nature of the data, this
type of assimilation would be most relevant to the upper
1000 metres of the ocean at first, since the time series
measurements with widespread spatial coverage are located
there at this time and for the near future.

CLIVAR/GOOS Many observing programmes
initiated by WOCE are expected to form the basis for
ongoing global measurements for climate. WOCE results
should used to determine optimal sampling strategies for
ongoing ocean monitoring in GOOS, and possibly also for
CLIVAR field experiments. Modelling in CLIVAR is
likely to be focused on coupled atmosphere-ocean models,
and so it is imperative that WOCE vigorously pursues
ocean model development during its remaining years.
There is, as yet, no CLIVAR field implementation plan,
which is a concern for WOCE. CLIVAR is holding
workshops over the next year on the roles of watermass
formation, large scale ocean circulation and large scale
atmosphere-ocean interactions in producing climate
variations on decadal to centennial time scales. There
should be WOCE representation at each workshop.

The next meeting of the SMWG will be in Grenoble,
France, in April. The agenda will include the SMWG'’s
recommendations for synthesis and modelling, and a
discussion of the transition to CLIVAR and GOOS.

Mesoscale Global Ocean Circulation Modelling with Assimilation

Robin Tokmakian and Albert J. Semtner, Department of Oceanography, Naval Postgraduate School, Monterey,

CA 93940, USA

This is a short note to describe the improvements in
the Semtner/Chervin global 1/4-degree (average) ocean
circulation model and the early results from the assimilation
of altimeter data into this model. The first section describes
the improvements in the model formulation and the second
section describes the assimilation experiment that is being
conducted using this mesoscale global ocean circulation
model.

Model description

The ocean model that is used for the global mesoscale
assimilation is an updated version of the Semtner/Chervin
model (Semtner and Chervin, 1992) which runs on a Cray
YMP supercomputer. The model is a primitive-equation
model with 20 levels and a Mercator grid, of & Hderage
cell size. The model is forced by the 3-day wind stress
fields interpolated from the twice daily ECMWF 10 meter
wind stress fields. Climatological monthly heat fluxes
(Barnieret al, 1994), interpolated to 3-day fields, are used
and the salt fluxes are handled by relaxing to the Levitus
1994 surface salinity values (Levitus and Boyer, 1994).
The model has a prognostic free surface (Killweittil,
1991) to facilitate the nudging of the sea surface height
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(SSH) field towards the altimeter data and allow for realistic
coastlines and bottom topography. Detailed analysis of the
accuracy of the large scale circulation can be found in
Stammeetal, 1995. From the analysis of an eightyear run
(1987-1994), it was found that the model is producing
realistic circulation patterns on the large scale, but is
somewhat deficient in eddy kinetic energy and the uptake
of heatinthe top layers. This eight year model run provides
the control run for the assimilation experiment described
below. The assimilation experiment is initialized with the
output from October of 1992 of the control run. Detailed
information on the model, how to access the model output,
and some animations of the model fields for various regions
can be found in http://www-vislab.nps.navy.mil/~rtt.

Assimilation experiment

The assimilation of oceanographic data into a meso-
scale resolution global ocean circulation model presents
some difficulties that are not encountered when the
assimilation of data is done regionally. The first difficulty
is to find an efficient method of assimilating many types of
observational data into the model. The second problem is
how to effectively assimilate the observational data in all
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regions of the world’s oceans. And last, there is the
difficulty of how best to quantify the improvement in the
model’s fields: U, V, W, T & S and sea surface height
(SSH) when observational data is assimilated.

Large amounts of time and effort have been expended
to investigate techniques for inserting altimeter data into
ocean models. Ghiland Malanotte-Rizzoli (1991) provides
a general review of the current state of the assimilation
using ocean models. Basically, there are two types of
assimilation methods, sequential and variational. Sequential
methods include the very simple method of nhudging to the
much more complex and computationally intensive Kalman
filter. Variational methods which minimize the distance
between the model and data over a time interval, subject to
a dynamical or smoothness constraint, are also compu-
tationally intensive. Therefore, the nudging method has
been chosen for this research because of the need to limit
the computation time required to assimilate data into the
model.

Many different kinds of observational data can be
assimilated into ocean models, for example SSH, tem-
peratures, and salinities. However, at the present time,
global temporally varying observations are limited to surface
fields obtained by satellite instruments such as SST and
SSH anomalies. In this experiment, the only observation-'
data being assimilated is SSH anomalies computed fron
joint TOPEX/POSEIDON and ERS-1 altimeter data se
(Le Traonet al, 1995). The data covers the period from ¢
October 1992 through 23 December 1993 (T/P cycles ¢
18). ERS-1 was in a 35 day repeat and T/P isina 10d
repeatcycle. If observational datais limited to surface dai
a method must also be included to extend the surface d
vertically into the layers below. Mellor and Ezer (1991
found, using a primitive equation model, that predetermine
correlations between sea surface height anomalies a
subsurface temperatures and salinities were required
translate surface information to the subsurface layers. Tt
is the method that has been chosen to extend informatior
the surface to the layers below.

The specific equations for the assimilation follow.
The height field is assimilated in a straightforward manne
namely

on _

P )
where m denotes model data and o denotes observatio
data, which in this case is the altimeter anomaly height pli
a mean height of a previous model run. G is the mod
physics for this particular equation and R is the relaxatic
coefficient. R, in theory, is a function of the error in the
observation field times a time difference times a spac
difference (Anthes, 1974). For example, R at grid point i,

R, =€0e™®/'T De'( 2)
wheree is an error estimate of the model data point. In this
, <an(i,j) > . :
case,t is related ton(—l)z, the normalized vari-
max;; <on >
ance of SSH at a point. Thus, when the value is small (little

G+R*(n°-n")

x2+y2)/LRz

International WOCE Newsletter, Number 21, December 1995

variance), the point will be nudged weakly. When it is
large, the model SSH will be pushed harder towards the
observed value. This term attempts to include observa-
tional statistics into the model fields. The observational
SSH provides the two dimensional set of predeterméined
values, calculated prior to the assimilation run. The lasttwo
terms weight the observation with respect to time and
space, an exponential decay in time and a gaussian distri-
bution in space on the order of the size of the Rossby radius
of deformation (). Daily, the joint ERS-1 and T/P
altimeter data set is gridded to the model grid. As an
observation ages over time, it is given less weight.

A similar scheme is used for temperature and salinity
in the vertical:

oT

3)

where E is an additional term correlating SSH to subsur-
face temperature and salinity fields. A correlation function
value for each model grid point can be written as:

< >
FT = @. @)
<dn‘ >
Since few global temperature and salinity data sets
exist that include a temporal component, the Levitus 1994

=G+ROF"(n°-n"),

5 i i
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[51ip R
Figure 1la. Difference in the 1993 mean of assimilation run
and the 1993 mean of control run in the Gulf Stream Region
of the North Atlantic. Contours are every 10 cm, negative
contours are dashed, positive contours are solid. 1b. Plot
of mean SSH along 29D solid line is from assimilation
run, dashed line from control run.
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(Levitus and Boyer, 1994) monthly climatology of T and S
has been used. The covariance matrix is computed using
the Levitus monthly temperature at a grid point with a
monthly SSH field computed from the above altimeter data
set. This produces a three dimensional set of functionals
that is used in the nudging of subsurface temperature fields.
A similar function, F, for salinity is also calculated. It
might also be possible to create these global functions using
data from different climatology sets for different oceans,
although one would need to examine the compatibility of
one data setto another. For example, the Optimum Thermal
Interpolation System (OTIS) temperature data set, pro-
duced by the US Navy in the North Pacific and North
Atlantic Oceans, might be used instead of the Levitus 94
monthly climatology. The method can also be modified to
assimilate actual temperature or salinity values.

Initial results of assimilation experiment

Initial analysis of the data for the year 1993 shows that
there are significant changes in the mean field as well as in
the variability. Because of the nature of this article and the
limitation of the use of black and white figures, the figures
will be restricted to selected regions of the global model,
hopefully giving a representation of how the assimilate:
data is incorporated into the model. Fig. 1a shows th
difference in the mean 1993 SSH field for the Gulf Strear
region of the assimilation run minus the control run. The
Gulf Stream is further south when altimetric SSH data i
assimilated into the model. This can be seen more read
in Fig. 1b, a plot of SSH along 290. Similar changes are
also seen in the Kuroshio Extension region in the Pacifi
and in the Agulhas eddy path in the South Atlantic wher
SSH variability and eddy kinetic energy has increased wit
the assimilation of altimeter data into the model. Fig. :
shows the difference in the RMS SSH of the assimilatio

ET] 140 T 180 1T 160 163 170
engiuda

Figure 2. Difference in 1993 RMS of SSH from assimilation
run and the 1993 RMS of SSH of control run in Kuroshio
Extention area. Contours are every 6 cm. Negative
contours: dashed; positive contours: solid.
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run minus the control run. Notice the positive values along
35°N, corresponding to the Kuroshio Extension. Similar
changes in SSH can be seen in the Antarctic Circumpolar
Current as can be seen in Fig. 3. The top panel shows the
instantaneous SSH field for day 365 in 1993 for the
assimilation run while the bottom panel shows the same
field from the control run. The middle field is the SSH field
of observations to be assimilated into the model. Increases
in SSH at 37S, 25E and 40S, 33E from the assimilation

run match the observations seen in the middle panel. Also
the width of the Agulhas current south of Africa is wider in
the assimilation run than in the control run.

Heat content at a given location can be computed as
in equation 5, D is equal to 360 m angi3 the mean of the
temperature between 310 and 435 m (model layers 8 and
9).

0
H= [(T(2) = T )z (5)
-D

Fig. 4 shows the annual cycle of heat content @135
30°W in the Atlantic computed from three data sets
(a) control run —solid line, (b) the assimilation run — dotted
line, and (c) the Levitus 94 data set — dashed line versus

Figure 3. Contours of SSH in Agulhas Region (a) from day
365 of the assimilation run (b) Altimeter field that is being
assimilated from 15 November 1993 to 15 December 1993
(c) from day 365 of the control run. Contours are every
25 cm, negative contours: dashed, positive contours: solid.
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Figure 4. Monthly average of heat content in upper layers
of model during the year 1993 at 3§ 30°W. Dotted line

is from assimilation run, solid line is computed from the
control run and the dashed line is computed from the 1994
Levitus data set.

temperature of the model’s top layer. For the control run,

the heat content is directly related to the surface tem-
perature. Contrary to this, both the heat content computed
from the Levitus data and from the temperatures in the

assimilation run, show a hysteresis effect. Thus, when SSH
is assimilated into the model and temperature is adjusted
using a cross correlation factor relating to SSH and

temperature, the model's heat content is more represen-
tative of the seasonal changes.

Future plans

The initial evaluation of the assimilation of altimeter
SSH data into a global mesoscale ocean model gives
encouraging results that the model is adjusting to the
addition of observational SSH data. The assimilation of
altimeter data will continue with TOPEX/POSEIDON data
and with ERS-1 when it is again in a 35 day repeat through
the end of 1995. With a three year data set (1993-1995),

global analysis should produce reliable statistics to judge
the effectiveness of this assimilation method. Prior to
continuing the assimilation, some investigations will be
conducted into how the method can be improved, for
example, should another T/S monthly climatology be used
in a specific region or should there be changes in the
relaxation coefficients to increase the effectiveness of the
assimilation.
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Variational Assimilation of Altimetric, Surface Drifterand Hydrographic Data
in a Quasi-Geostrophic Model of the Azores Current

Rosemary Morrow and Pierre De Mey, UMR39, Groupe de Recherche de Geodésie Spatiale, 18 av. Edouard

Belin, 31055 Toulouse, France

Azores Current

The mesoscale dynamics of the Azores Current region
are investigated by assimilating various oceanographic
data sets into a multi-level quasi-geostrophic (QG) open
ocean model. The study site lies in the path of the Azores
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Current in the northeast Atlantic, in a region of quite

complex dynamics. The Azores Current enters the model
domain from the west as a predominantly zonal jet, where
it interacts with a series of sea-mounts before branching to
the east and south (Fig.1). Bottom topography is an
important part of the regional dynamics, and so has been
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included in our QG model. The variability generated
downstream of the sea-mounts is large for an eastern
boundary and is well documented in current meter data and
surface altimetric analyses. The seasonal component is
significant, with the possible influence of Rossby waves
propagating from the east in winter. The change in regime
from summer to winter is fairly sudden, but can provide a
good test for the mesoscale forecasts produced by different
assimilation techniques. An additional complexity is the
presence of meddies, which may not be represented well by
the QG dynamics.

Data

Our model domain was chosen as it encompasses the
site of the recent SEMAPHORE experiment; an intensive
field programme in 1993/94 which included-situ
hydrographic measurements during cruises, and the
deployment of surface and RAFOS drifters and long-term
current meter arrays. Thesitudata will firstly provide an
independent test for the assimilation of surface altimeter
data in our regional model, in particular to test the model

response at depth. The data can also be assimilated directly

to make use of their complementary informatierng
lagrangian drifter data includes a consistent mean and eddy
signal, the subsurface hydrographic data can correct the
model baroclinic structure at depth.

Model and assimilation

The model we use is the multi-level Harvard open
ocean QG model of Millegt al (1983), but we apply two
different assimilation methods. The initial conditions for
our model runs are derived from the continuous assimilation
of altimetric data using optimal interpolation (Ol) methods
(Dombrowsky and De Mey, 1992). Ol assimilation is
purely statistical and yields robust convergence over long
periods of time, but its short-term forecast capabilities can
sometimes be deceiving. The first part of the project is to
see whether assimilation via the adjoint variational scheme
of Moore (1991) can be applied to optimise this initial guess
field, and improve the mesoscale response over 20-30 day
periods. The benefit of the adjoint assimilation is that it
explicitly makes use of the actual model dynamics; the
individual data measurements force the model dynamics
directly, without needing a separate analysis of the data
distribution or its statistical properties. Longer term fore-
cast fields from the two methods will be compared at the
end of summer, when the dynamical regime changes
abruptly.

We apply the adjoint variational method to improve
the Ol analyses, in our limited area O(100xmulti-
level model; during periods when irregularly-spaced,
dense datasets are available such as cruises or drifter
deployments. Thus the second aim of the project is to
assimilate a variety of different oceanic data sets, and
evaluate theirimportance in constraining the QG model. In
this way, the adjoint assimilation can provide a quantitative
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test of data compatibility with the chosen model dynamics.
A number of practical concerns for the adjoint assimilation
are given in detail in Morrow and De Mey (1995).

Assimilating satellite altimetric data

Satellite altimetry from TOPEX/POSEIDON (T/P)
and ERS-1 altimeters were assimilated into our QG model
over a 20-day period in July 1993. Only the variable
component of the altimetric signal can be resolved
accurately, so for the assimilation we also subtract a
climatological mean field from the model. The alongtrack
altimeter-plus-mean height measurement is assimilated
directly at its closest model grid point, both in space and
time. For display here we have created 10-day maps of the
combined T/P and ERS-1 data in Fig. 2a using optimal
interpolation. 10-day maps provide complete T/P data
coverage, which has a groundtrack spacing of around
285 km at this latitude,e. too large to really resolve the
mesoscale dynamics. The ERS-1 data has a better eddy-
resolving groundtrack spacing of around 130 kms at this
latitude, although its 35-day repeat cycle means only around
1/3 of the region is sampled in 10 days. The Azores Front
is clearly shown meandering aroundi4and bifurcating
to the east and south around 28\ Surface drifters
(circles) released in the second half of the period clearly
converge at the Azores front, and in good agreement with
the frontal position derived from altimetry. The main
features show only minor evolution over the 20-day period,
consistent with the regional time scales measured from
other data sets of O(30 days).

The model is run forward from its initial conditions
with no further assimilation, as shown in Fig. 2b. In fact
this is not a pure simulation run for two reasons. First,
although our initial conditions are derived from a 7-day Ol
forecastfield, the Ol analysis step uses weighted data from
30 days each side of the analysis time. So data from this

Figure 1. The model domain in the Azores Current region,
showing the bottom relief (CI=1000 m), and the
SEMAPHORE region.
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entire 20-day period has been used in the previous Ol
analysis on 22 June 1993. Secondly, our model boundary
conditions are interpolated at every model time-step from
7-day Ol forecast fields, so also include future data. Using
the 7-day forecasts from the OI assimilation provided
reliable and stable initial guess fields (Fig. 2b). This occurs
at all model levels, and the bottom flow remained strongly
constrained by the model topography. In comparison to

¥s 11-20

altimeter data, the model run starting from Ol has a stronger
and more zonal jet, with fewer meanders. In general, the
positions of the eddies each side of the front are fairly well

modelled after 20 days.

The adjoint assimilation of the combined surface
altimeter data was very effective in optimising the initial
conditions, so that the surface fields remained closer to the
data during the 20-day model run (Fig. 2c). The position
and amplitude of the model eddies
are now closer to the observed, as
is the position of the meandering
front, especially in the
SEMAPHORE domain. The
adjoint assimilation reduces the
misfit between the model and the
data during these 20 days by 50—

80%, depending on the chosen data
constraints.

Altimetry proved to be agood
constraint on the variable flowfield,
and appeared particularly strongin
adjusting the barotropic field. We
tested the T/P and ERS-1
assimilations separately, as well as

the combined data set shown here.
The improved data quality of the
TOPEX/POSEIDON altimeter
data provided smooth and reliable
forcing. But for our mesoscale
studies, the extra spatial coverage
from the combined T/P and ERS-1
data sets was important for
constraining the solution and
providing stable flow at all levels.

Because the adjoint model acts like
a 3-D filter on data noise, the
differences in the altimeter data
sets due to different noise, correc-
tions or mean fields was minor in
comparison to the benefits from

the improved data coverage.

Assimilating surface
drifter data

Surface drifters were an
excellent constraint on the variable
field — again constraining both the

19 July 1993

barotropic and baroclinic fields in
the assimilation. More importantly,
the drifters provide a reliable

Figure 2. Surface streamfunction in the model domain in non-dimensional unitgeasure of the mean field. The
(a) 10-day altimeter data maps, with surface drifters (0), and the SEMAPHORE domatean and the variability are
for the hydrographic data (-). The modelinitial and final conditions are also shown f@issimilated as a consistent measure,
a 20-day model run starting from (b) 7-day Ol forecast fields at 29 June 1993, with which is not the case with the
further assimilation; (c) initial conditions optimised by T/P and ERS-1 altimetryaltimetric assimilation where the

(d) ICs optimised by altimetry and surface drifters, (e) ICs optimised by altimetry amglean

hydrography.
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independent (and smooth)
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climatology. The result is that surface drifter assimilation

provided a much stronger mean jet during our assimilation
period (see the SEMAPHORE domain in Fig. 2d), which

extended down to 2000 m depth.

Assimilating hydrographic data

Assimilating hydrographic data (Fig. 2e) brought
similar changes to those from the drifter assimilation. The
vertical structure of the model was weakly improved by
constraining the vertical pressure modes. However, the
strengthening of the mean jet was consistent with the drifter
measurements; and there was a transfer of energy from the
barotropic to the first baroclinic mode at the position of a
meddy (at 36N, 24°'W). The difficulty with the hydrographic
assimilation was to separate its effects from the stronger
altimetric assimilation. In our model a second data con-
straint was always necessary; the hydrographic constraint
alone was unstable as it could not constrain the faster
barotropic mode. Although the vertical adjustment from
the hydrographic assimilation was minor within our 20-day
assimilation period, it played an important role in stabilising
the longer-term forecast runs.

Forecast runs

Does this improvement remain valid for longer time
periods in ‘pure’ forecast mode. To test this, we have rui
the model forward over a 2-month forecast period, startin
from both the unoptimized 7-day forecast fields from Ol
and the optimized initial conditions from the 20-day adjoint
assimilation of different data sets. The boundary condition
for the 60-day run are again taken from Ol forecast field:
during this period. Note that data from the first 20 days ha
been included via assimilation in all of the initial conditions
(adjoint and Ol).

Figure 3a—c shows the misfit between the mode
variables and the altimeter, drifter and hydrographic dat
sets during the 2-month forecast, for each different set ¢
initial conditions. For all model runs the surface stream
function shows a gradual divergence away from the measurt
altimetric field. The run starting from Ol initial conditions
has the largest misfit. The run with initial conditions
optimised by altimetry remain closer to the altimetric date
by 50% throughout the 2 month period, and are also clos¢
to the independent drifter data (Fig. 3b). Assimilating
altimetry by either the Ol or adjoint method makes little
difference in regard to the misfit with hydrographic data
(Fig. 3c). However, the adjoint assimilation of drifter data
also reduces the independent hydrographic misfit yécel
versa Bothin-situ data sets significantly improve the
baroclinic structure in the model, which is important in the
forecast runs since the model variability is principally
driven by baroclinic instabilities.

Including drifters in the optimisation degrades our
results in comparison to the altimeter data, which probably
indicates that the altimeter mean is wrong. Hydrography
and altimetry tend to provide a more consistent measure.
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Are our optimised model runs better than simple
persistence? Fig. 3d shows the ratio of the rms forecast
error to the persistence error for each run. The run with
initial fields from OI is much better than persistence over
the first 10 daysife. 17 days from the analysis time);
thereafter it remains only as good as persistence. However,
all the adjoint optimised forecast fields are 20—-30% better
than persistence throughout the 2-month period. In
particular, the fields optimised loy-situdata are still at the
0.8 level at the end of the forecast period. Thus the adjoint
assimilation not only reduces the cost function within the
20-day assimilation period, but also canimprove the longer-
term forecasts of mesoscale dynamics over a period of
2 months.
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A Steady State Inverse Model of the Large Scale Circulation of the Weddell

Sea

D.A. Nechaev, M.I. Yaremchuk, and J. Schréter, Alfred-Wegener-Institute for Polar and Marine Research,

27515 Bremerhaven, Germany

Hydrographic data from the Weddell Sea are
assimilated into a steady state circulation model. We
diagnose a solution which is in geostrophic balance and
conserves mass and buoyancy. The model is driven by
surface fluxes and inflow/outflow at the open boundaries.
The boundary conditions and the forcing fields are adjusted
in order to get the steady state solution which is closest to
the hydrographic data. The inverse model has been called

include linearized steady state momentum equation
(geostrophy plus 3D diffusion), hydrostatics, continuity
and the steady state buoyancy advection-diffusion equation.
The buoyancy constraint is satisfied ‘weakly’ since the
dynamical system allows small deviations from the
advective-diffusive balance, which are penalized by the
cost function. The same ‘weak’ formulation is used for the
boundary conditions involving sea surface elevation, cross-

a p-model because the surface pressure is used as a control surface fluxes of momentum and buoyancy and the bottom

variable. Foragiven surface pressure field we can calculate
the full three dimensional current field using the momentum
equation. The internal pressure which is needed for this
calculation is taken from the density field which in turn is
determined by advection. The procedure is iterative and
allows the estimation of a consistent solutiae, the
currents are consistent with the density structure and the
density field is a solution of the advective-diffusive equation
for buoyancy conservation applied to the models velocity
field.

Assimilation scheme

Climatological data for the Weddell Gyre taken from
the Southern Ocean Atlas (Olbetsal, 1992), the annual
mean ECMWEF wind stress and transport estimates
(Yaremchulet al, 1995) derived from data collected from
1989 to 1993 on WOCE repeat section SR4 are assimilated
into a numerical model describing the steady state circulation
at low Rossby numbers. A variational data assimilation
technique is used where the model state is optimized in the
sense of a prior probability distribution which is specified
by a cost function. The steady state model is weakly
constrained by three 2D fields in the measurements of sea
surface elevatiord , wind stresst and surface buoyancy
flux B.

The numerical model employs a set of well-known
dynamical constraints commonly used in literature for
description of the steady state large scale circulation. These

International WOCE Newsletter, Number 21, December 1995

velocity field. The cost function contains four major
groups of terms:
1. Terms penalizing model-data misfits. Dateloand

B were obtained from various indirect sources and

have extremely low weight in the cost function.

Model transports across the WOCE section SR4 were

also weakly attracted to the values obtained after

assimilating these data into a separate inverse section

model (see Yaremchu#t al, 1995).

2. Regularization terms, enforcing horizontal smooth-
ness in the control fields and in the streamfunction.

3. Terms, penalizing errors in the buoyancy equation
and in the bottom boundary condition.

4. Exponential penalty for states with hydrostatically
unstable density profiles.

Inversions of the covariance matrices, which describe
prior estimates of statistical scatter of the different cost
function entries around their respective mean values, were
derived either empirically or from the data sets, if available.
All the matrices were taken as diagonal, some depending
upon spatial coordinates. For instance, we assumed larger
sub-grid variability in the coastal regions for the fields of
buoyancy, surface elevation and total transport, reducing
the corresponding weights. By variation a distinct minimum
of the cost function could be achieved. The function itself
is reduced to 2% of its initial value which was computed
using the standard dynamical method for the diagnosis of
the velocity field.

The resultant optimal state exhibits only a small
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temporal trend in the buoyancy field.
Model-data misfits in the fields of
buoyancy and wind forcing were found to
be consistent with the error bars of the
underlying data.

The model domain covers the
Weddell Gyre (Fig. 1). Inthe north and the
east, open boundaries connect the model
to the deep ocean. Instead of including the
shelf along the Antarctic Peninsula in the
model domain we preferred to use open
boundaries there. By this we may indirectly
estimate water mass modification on the
shelf by processes which are difficult to
model directly. The open boundary at the
south is connected to the continental shelf
at the Filchner/Ronne Ice-Shelf. The
density field along the boundaries and
simultaneously the consistent flow field
are determined from the interior data alone.
This means for instance that for the southern
boundary we can give a rough estimate of
the circulation south of the model: inflow
and outflow as well as modifications of
water masses on the shelf are calculated by
the inverse model.

The transect SR4 connecting Kapp
Norvegia with the tip of the Antarctic
Peninsula crosses the model domain almost
diagonally.

ANTARCTIC PENINSTLA

Steady state circulation

Transports and mass balanceghe finite
difference scheme of the model conserves
Figure 1. Steady state velocity fields at the levels of 30 (top panel) and 2740m#ass within the accuracy of the net trans-
depth (bottom panel). port into the bottom boundary layer
(residual error in the bottom boundary
condition). The latter was found to be
0.004 Sv and directed out of the boundary.
It agrees with the concept of the bottom
Ekman pumping induced by the clockwise
circulation of the Weddell Gyre. Another
constituent of the mass transport balance is
aconsiderable netinflow of 0.019 Svcom-
ing from the southern open boundary
neighbouring the Filchner/Ronne Ice-
Shelf. A part of this inflow leaves the
model domain within the western bound-
ary current flowing along the shelf of
Antarctic Peninsula.

Fig. 1 shows horizontal velocity
patterns at 30 and 2740 m depth. The
major feature seen on the map for 30 m is
a gradual decrease of the current speed as
Figure 2. Horizontal distribution of the steady state vertical velocity field inthe flow proceeds along the shelf break of
metres per year at a depth of 570 m. Bold contours separate regions tife Antarctic continent. On the other hand
upwelling and downwelling. we observe a gradual increase at 2740 m
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depth. This fact correspondsto the concept of downwelling
at continental slopes partly attributed to Ekman transports
and partly to a more intense cooling in these regions. The
net transport of the Gyre is 32 Sv, in good agreement with
the data. Horizontal distribution of the vertical velocity
shown in Fig. 2 exhibits a number of physically sensible
features: an average upwelling of 30 to 50 mirythe open

sea and intense downwelling at the continental margins of
Antarctica ranging within 1-2 km yi. The corresponding
downward water transport from the upper 300 m layer
amounts to 4.5 Sv, if the integration is performed between
300 and 4000 m isobaths. The local downwelling in the
centre of the Weddell Sea is most probably an unrealistic
feature.

Cooling processes may possibly characterize the cir-
culation south of the model domain on the shelf area at the
Filchner/Ronne Ice-Shelf (Fig. 3). An intense inflow con-
fined to surface layers is transformed into a deep reaching
outflow in the western part of the section. The total
circulation on the shelf is estimated as 1.8 Sv.

Buoyancy fluxes The outflow from the Filchner/Ronne
Shelf is estimated from the steady state balance in the
interior of the Weddell Sea alone. We find a considerable
transport of negative buoyancy at a rat&1# [10° kgs .

The diffusive flux of the same quantity is found to be almost
16 times smaller and amounts 62 [10°kgs™. If we
assume that the annual mean salt budget is zero (precipita-
tion + melting = evaporation + freezing, see Fahrlset,
1994), then sea water modification on the Filchner/Ronne
shelf south of 785 can be attributed to the thermal flux
through the surfac&; = 310" m?, of this domain giving

us an estimate of the annual mean cooling caten the
shelf of g = 90W m™.

The corresponding indirect estimate for the steady
state circulation pattern on the shelf along the Antarctic
Peninsula indicates an outflow of negative buoyancy at a
rate of 110 [10% kgs™ for advection and.4 [10% kgs™
for diffusion.

By analysing the transports of various water masses
across the SR4 section we may calculate rates of water ma:
formation for the area between this transect and Antarctica
In the present study we utilize an approximation to spatial
water mass classification, following Fahrbatlal, 1994.
Transports through the corresponding subdomains at th
WOCE SR4 section indicate that the Warm Deep Water
(WDW) inflow of 4.5 Sv is transformed into 2.1 Sv of
Weddell Sea Bottom Water (WSBW), 1.4 Sv of Weddell
Sea Deep water (WSDW) and 1.0 Sv of Surface Watet
(SW), demonstrating good agreement with the results of
Fahrbachet al, 1994, who obtained the following
transformation scheme: 6.0(WDW) 2.6(WSBW) +
1.2(WSDW) + 2.2(SW).

Diffusive terms in the buoyancy budget together with
its error field of E, account for the model analogues of
water mass transformation processes occurring in nature.
We assume thaE, might have a significant bias towards
these processes which are poorly described by the model.
Thus, the integral ofE, over the basin south of SR4

g
&
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transect gives us an indication of the negative buoyancy
sources, possibly attributed to deep convection. The
corresponding cooling rate computed as an average of
under the above mentioned ‘salt balance assumptions’ is
found to be 6 W 3.

Our estimate of the annual mean cooling rate in the
area enclosed by SR4 and Antarctica is 22 ¥which is
similar to the 19 W m obtained by Fahrbadt al., (1994).

The model outcome reconciliates the discrepancy between
the weak fluxes of Robertsatal, (1995) and the ones of
Fahrbaclet al as aresult of intense cooling on the Filchner/
Ronne shelf.

Discussion

The employed diagnostic model is formulated as an
inverse problem, weakly constrained with respect to the sea
surface elevation and buoyancy fluxes. In contrast to
traditional strong constraint closures which utilize high-
order differential relations fof , we solve the problem
implicitly, evenly distributing uncertainties in the input
fields between the degrees of freedom of the model. Being
applied to data sets of a complicated basin, the model has
shown a reasonable performance. Spatially varying
covariance matrices and transport constraints can also be
treated as relatively new elements in the formulation of the
model’s statistical background. As a rule, climatic
hydrological atlases do not contain information on the
structure of boundary currents, which are usually confined
to the continental slopes and give major contribution to the
budgets of various sea water properties. Results of our
study show that taking into the account prior information
on the spatial variability of the sub-grid processes statistics,
one may considerably improve the resolution properties of
the optimal state. Prior estimates of the transports, especially

Erin
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Figure 3. Inverse solution of the cross section velocity

(cmsl) at the southern boundary separating the Filchner/
Ronne Shelf from the Weddell Sea. The southward flow is
concentrated in a shallow surface layer while the return
flow is confined to the western slope of the continent.
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in the coastal regions also enables the model to refine its
structure, bringing the resultant circulation pattern ‘closer
to nature’.

An obvious drawback of the model is its failure to
describe deep convection explicitly. Ocean cooling proves
to be hardly observable in oceanic climatologies under
standard parametrization of the sub-grid fluxes in the
vertical. We expect that including a convective adjustment
may partly improve the situation. Problems may arise,
however, connected with a rapid loss of information in the
vertical coordinate, induced by ‘vertical adjustment
operators’ commonly used in large scale modelling.
Adequate non-local parametrizations of the deep convection
impact on climatology may be an alternative to improve the
situation.

Work is under way to formulate the model for tem-
perature and salinity instead of density. Local refinements

of the computational grid are planned as well as using the
hydrographic data directlyi.¢. without gridding them
first).

References

Fahrbach, E., G. Rohardt, M.Schroder and V. Strass, 1994:
Transportand structure ofthe Weddell Gyre. Ann. Geophys.,
12, 840-855.

Olbers, D., V. Gouretsky, G. $eiand J. Schroter, 1992:
Hydrographic Atlas of the Southern Ocean. Alfred-Wegener
Institut fur Polar und Meeresforschung, Bremerhaven,
Germany, 19pp., 82 plates.

Robertson, R., L. Padman and M. Levine, 1995: Fine structure,
micro structure, and vertical mixing processes in the upper
ocean in the western Weddell Sea. J. Geophys. Res., 100,
18,517-18,535.

Yaremchuk, M.l., Nechaev, D.A. and J. Schroter, 1995: A
variational analysis of WOCE repeat section SR4.
International WOCE Newsletter No. 21.

A Variational Analysis of WOCE Repeat Section SR4

M.I. Yaremchuk, D.A. Nechaev, and J. Schroter, Alfred-Wegener-Institute for Polar and Marine Research,

27515 Bremerhaven, Germany

Traditional concepts used for the analysis of hydro-
graphic sections,e. geostrophy, conservation of planetary
vorticity, hydrostatics,..., are combined with advective
balances of active and passive tracers. Additionally to the
estimation of velocities across the section this new scheme
allows the calculation of vertical and along-section
velocities.

Different types of data collected on three cruises from
1989 to0 1992 on repeat section SR4 across the Weddell Sea
gyre by the Alfred-Wegener-Institute for Polar and Marine
Research are integrated into a dynamically consistent pattern
of the steady state oceanic circulation using an inverse
technique. The data set contains 150 profiles of temperature,
salinity and six passive tracers (oxygen, silicate, nitrate,
phosphate, ammonium and carbon dioxide) distributed
along the section, 53 long current meter records at various
points in the transect plane and the large-scale wind stress
component taken from the European Centre for Medium
Range Weather Forecast data base. The section data are

spatially confined to a thin strip of the Weddell Sea body
stretching from Kapp Norvegia to the northern tip of
Antarctic Peninsula, approximately 40 km wide and
2100 km long. A detailed description of the hydrographic
and mooring data is given by Fahrbatlal (1994, 1995).

Inverse solution

We employ a standard variational data assimilation
technique. The model has a regular mesh with homo-
geneous spacing of 35 km in horizontal and uneven spacing
in the vertical. There are 62 grid points along the section
line, 2 points across and 19 levels. The vertical section
defined by the hydrographic data passes through the centres
of the grid cells. Tracer data are to be estimated on the grid
points,.e. on both sides of the section plane. By thiswe can
calculate not only the mean tracer value (which should be
close to the measurement) but alsoits cross-section gradients.
Our inverse problem is obviously underdetermined. In

Data V, T, S, Q Silicate,
set Sv 18w 10kg/s 106M/s 1CM/s
1989 324 -35+12 5135 2458 13879
1990 325 -34+14 5242 5251 11Q77
1992 334 -22+10 7338 8452 7568
89-92 342 -28t8 7226 4549 9566
89-90* 239 -35t10 1Qt22 - -

*Estimates made by Fahrbaehal.,1994

Table 1. Transport estimates

Nitrate, Phosphate, Ammonium, £O
10M/s 10 M/s 10M/s 10 M/s
35t62 36:58 62:48 -
1381 7672 3154 -
7TH67  16(52 - 74:87
2158 1847 - -
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order to find a unique
solution a number of
constraints are introduced
which are widely used to

describe the large-scale Data WDW, WSDW,
circulation. Theserelation- set Sv Sv

ships must be satisfied| 1909 4115 2217
exactly and include geos- 1990 -5.%#1.8 0.92.0
trophy, hydrostatics and a| 1995 3915 1516
nonlinear equation of state | g9 o5 @11 2.61.3
for sea water. Additionally 90* 6.0 12

the linearized potential
vorticity balance and
advective tracer balances

Table 2. Water mass transformation south of the transect/area of section plane

*Estimates made by Fahrbaehd., 1994

occupied by watermasses

WSBW,  SW, WDW, WSDW, WSBW, SW,
Sv Sv % % % %
2.#20 0324 23.2 65.1 6.5 5.2
2.82.2 1227 23.3 63.2 8.5 5.0
2221 0.1®25 23.7 65.0 6.4 4.9
2519 1520 24.3 63.1 7.5 51
2.6 2.2 25.6 63.3 6.1 4.9

are assumed to be in steady
state. Finally an integral constraint imposes no net mass

than the time necessary to compute the inverse solution

transport across the section. The last three of these con- itself.

straints are called ‘weaki'e. they are to be satisfied only
within certain errors bounds defined &yriori statistical
assumptions.

The optimal state is obtained via minimization of a
guadratic cost function which penalizes model-data misfits,

Steady state features of the Weddell gyre

To obtain a better idea of how well the steady state
may be estimated from the data, we conducted four

errors in the weak constraints and enforces smoothness in - assimilation experiments by processing first the available

the gridded fields of tracers, horizontal velocities and errors
in the tracer advective balance equations. To drive the
interpolation pattern away from hydrostatically unstable

states the cost function is augmented with an exponential
term which penalizes states with unstable profiles and
plays the role of a ‘range constraint’ in continuous form

(Schroter and Wunsch, 1986). The model starts from a first

tracer data separately for 1989, 1990 and 1992 and in
composition for the ‘joint’ tracer data set. Major results of
these experiments are summarized in Tables 1 and 2.

As an example the assimilated temperature field for
1989 is shown along the section in Fig. 1. Warm Deep
Water enters the Weddell Sea in the east whereas the
outflow of Weddell Sea Deep Water in the west is confined

guess where tracer values on both sides of the section are to the slope of the Antarctic Peninsula.

equal to the data and with zero velocity at the bottom. In
order to close the tracer balances
which are dominated by vertic:
advection in the first guess w

Net cross-section transports were computed by inte-

TEMPERATURE, C

have to estimate cross sectis
gradients of tracers which lead"
geostrophically balanced along
sectionvelocities. Amore detaile
description and verification of th
assimilation scheme can be foul
in Nechaev and Yaremchu
(1995).

Estimation of variance ha
been added as a new aspect to
inverse solution. Error bars fc
any quantity of interest can b
computed through a linear tran
formation of the covariance
betweenthe control variables. Tl
latter are expressed in terms of t
inverse of the Hessian matrix
associated with the assimilatic
scheme. This part of the con
putations turned out to be the mc
expensive. One single errc
estimate took about three hours uii
a Cray YMP/EL which is more
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Figure 2. A‘vector’ T-S diagram derived from the assimi-
lation solution. Arrows denote annual mean displacements
of water parcels in the absence of advection.

gration of the corresponding steady-state fields. Values for
most of the transport estimates for tracers and for the water
mass transformation rates are much larger than the 70%
Gaussian confidence limits. These values may be considered
as statistically reliable. It should be stressed that ‘reliability’
in the sense of the computed error bars is entirely defined
by the prior statistical assumptions outlined by the cost
function. An idea about the reliability of these hypothesis
can be obtained from the variability of the estimates from
one data set to another.

On the average the net transport of the Weddell gyre
is in agreement with the estimate of Fahrbetcl,, (1994)
ranging between 32—35 Sv. These estimates correspond to
a posterior rms discrepancy with velocity measurements of
0.5-1.2cm4d. The transport value of 34 Sv from the
‘joint’ data set was used in a different assimilation study to
constrain a three dimensional inverse model of the Weddell
Sea (Nechaeet al, 1995).

To study the importance of the current meter measure-
ments for the estimation of the gyre transpgbnive per-
formed a separate assimilation experiment. We decreased
the relative weight of the current meter data in the cost
function and obtained a nettransport of 18—25 Sv. Howeve